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INTRODUCTION
Geminiviruses cause devastating diseases in a wide range of crop plants worldwide (Stanley, 1983; Fauquet et al., 2003) . These viruses, which contain circular ssDNA, are either monopartite or bipartite (i.e. they possess single-component or two-component genomes, respectively). Tomato leaf curl Gujarat virus (ToLCGuV; genus Begomovirus, family Geminiviridae), is one of the most predominant monopartite begomoviruses causing severe losses to tomato production in the Indian subcontinent (Chakraborty et al., 2003; Chakraborty, 2008) .
The geminivirus genome (~2.8 kb) possesses a stem-loop secondary structural element and a direct repeat sequence that function as the origin of replication (ori) and the binding site for replication initiator protein (Rep), respectively. Binding of Rep to the origin leads to strand-and site-specific nicking of viral DNA in an ATP-independent manner. Rep remains covalently linked to the 59 end of nicked DNA, while the 39-hydroxyl group is used for the synthesis of the nascent strand (Orozco et al., 1997) . Though the detailed threedimensional structure of Rep is yet to be determined, the protein is known to possess modular functions. The Nterminal region of Rep possesses site-specific nicking, ligation and DNA binding activities (Fontes et al., 1992; Orozco et al., 1997; Chatterji et al., 2000) , while the C terminus (aa 120-361) functions autonomously as a 39 to 59 helicase (Choudhury et al., 2006; Clérot & Bernardi, 2006) . Nonetheless, mechanistic details of Rep-mediated DNA unwinding are currently unknown.
Comparative sequence alignments of the geminivirus Rep proteins have shown that they belong to the SF3 helicase family (Koonin, 1993) . Helicases of this family possess three conserved signature motifs: Walker A [involved in ATP binding; GxxxxGK(T/S)], Walker B (involved in ATP hydrolysis; DxxD or xxxxDD), and motif C (a conserved asparagine residue which interacts with the gamma Pi of ATP and an 'apical' water molecule). The B9 [(K/R)x 3-4 G X7-8 K] motif, located between Walker B and motif C, has been identified in SF3 helicases only. The B9 motif has been characterized in animal viruses such as simian virus 40 (SV40, large T antigen), bovine papillomavirus (BPV, E1) and adeno-associated virus (AAV, Rep) (Hickman & Dyda, 2005) . Geminivirus Rep differs from other SF3 helicases, both in terms of its oligomerization properties and in that it lacks an arginine finger in the AAA+ domain (Clérot & Bernardi, 2006) . Therefore, in an effort to understand the roles and contribution(s) of residues within and adjacent to the B9 motif in the geminivirus replication cycle, we have compared the sequence and secondary structure of ToLCGuV Rep with BPV E1, with which it shares a sequence identity of 16 %, and have constructed alanine mutants of K272, K286 and K289, which are located in and adjacent to the B9 motif. The effects of substituting K227 of Walker A, and D261 and D262 of Walker B, with alanines were also studied.
Based on the structural information provided by our modelling studies, we hypothesize that K289 of ToLCGuV Rep plays a role in ssDNA interactions and DNA unwinding. The position of K289 and its potential for binding ssDNA is illustrated by the model as well as demonstrated by DNA binding assays. Mutational studies of K272 also indicated its critical role in ssDNA binding. However, the modelled structure indicates that this residue is on the outer surface of the protein and therefore could not have direct interaction with ssDNA. ATP binding is prerequisite for the formation of an ssDNA-geminiviral Rep complex. However, aa residue K272 is also not involved in ATP binding. Therefore, we speculate that this residue couples conformational changes induced by ATP binding to ssDNA binding, which is required for translocation of the helicase along the DNA double helix. Roles of these residues in viral replication and pathogenesis are also elucidated. Our findings add further support to the structural and functional similarity of geminivirus Rep proteins with SF3 helicases.
RESULTS

Expression and purification of wt and substitution mutants of RepC
The N-terminal domain of Rep possesses a sequence non-specific DNA binding activity (Nash et al., 2011) that may interfere with the ssDNA binding activity required for a DNA unwinding assay. Therefore, we selected the C-terminal domain for our study. Comparison of the amino acid sequence and predicted secondary structure of ToLCGuV Rep with those of BPV E1 and SV40 T antigen (a prototypical member of the SF3 family) revealed the presence of conserved SF3 signature motifs (Fig. 1) . In the present study, we investigated the role of residues in and adjacent to the B9 motif (K272, K286, K289), Walker A (K227) and Walker B (D261, D262) by substituting the corresponding residues with alanine. C-terminal fragments (RepC) of wt and mutant Rep proteins corresponding to aa 122-361 were expressed in E. coli at 18 u C with 0.2 mM IPTG, which yielded reasonably good quantities of soluble protein required for the biochemical assays. Details of the purification are described in Methods and Fig. S1 (available in the online Supplementary Material). All of the purified proteins are shown in Fig. 2(a) .
Effect of mutations on overall structure and multimerization of RepC
The effects of mutations on the overall structure of RepC were analysed using circular dichroism (CD; Keideiling, 1996) . These studies revealed that RepC consists of about 50 % random coil,~37 % alpha helix and~13 % beta sheet. The CD spectra of the mutants were similar to that of wt RepC (Fig. 2b) , suggesting that the mutations caused no overall changes in the conformation of RepC.
Oligomeric states of RepC were analysed from the sedimentation profiles either in the presence or absence of cofactors (ATPcS and ATPcS plus ssDNA). No appreciable change was observed in the oligomeric state of RepC in the presence of these cofactors (Fig. 2c) . The molecular mass of RepC was estimated from these experiments to be~660 kDa, indicating that RepC formed a complex oligomeric state consisting of~24 subunits, and the oligomeric state of each mutant was found to be similar to that of wt protein (Fig.  2d) . Sedimentation profiles were similar even at a high salt concentration (1 M NaCl) and at a low protein concentration (1.5 mM RepC) (Fig. 2d) .
Effects of mutations on ATP hydrolysis and nucleotide (ATPcS) binding
ATPase activity of purified RepC was found to be protein concentration dependent (Fig. 3a) . ATP hydrolysis activity of the Walker A mutant (K227A) was completely lost, as demonstrated in other geminiviruses (Choudhury et al., 2006; Clérot & Bernardi, 2006) (Fig. 3b, lane 5) , whereas for other mutants it was comparable to wt RepC. Structural data revealed that the residue K272 corresponding to aa K391 of AAV Rep could be a potential candidate for interaction with nucleotides (James et al., 2003) . Therefore, the nucleotide (ATPcS) binding affinities of wt RepC and of the K272A mutant were also studied. Additionally, K227A (a Walker A mutant known to interfere with ATP binding) was selected as a negative control. The ATPcS binding affinity of wt RepC and of the K272A mutant were (mean±SE) 0.95±0.07 mM and 1.27±0.09 mM, respectively. This result suggests that K272 is not involved in ATP binding. As expected, no affinity of RepC K227A to the ligand ATPcS could be detected.
Effects of RepC mutations on ssDNA binding
The ability of RepC and its mutants to bind ssDNA was studied using an electrophoretic mobility shift assay (EMSA). The K286A, D262A and K227A mutants decreased the affinity of RepC (concentration, 0.75 mM) for the DNA construct by approximately 35, 30 and 90 %, respectively (Fig. 4a, b) . At similar concentration of RepC, complete loss of DNA binding activity was observed for K272A and K289A (Fig. 4a, b) . Additionally, the binding of DNA to wt RepC, as well as to the K272A and K289A mutants, was also measured using a fluorescent spectroscopy assay. Wt RepC bound to a 17-mer oligonucleotide (Table S1 ) with a K d value of 21.6±3 nM, whereas the mutant K272A displayed a more than twofold reduction in ssDNA binding (K d 554.9± 7.8 nM); the K289A mutant displayed drastically reduced ssDNA binding function (Fig. 4a, b ) and could not be analysed by fluorescence spectroscopic assay.
Effects of mutations on DNA unwinding activity
The helicase activity of RepC was measured by its ability to displace a partial duplex helicase substrate. DNA unwinding by wt RepC was initially assayed in the presence of various nucleotide triphosphates and at a protein concentration of 96 nM (Fig. 5a, b) . GTP and ATP are equivalently able to act as cofactors in the reaction, unwinding approximately 30 % of helicase substrate, whereas CTP and TTP supported unwinding of~20 % and 10 % of the helicase substrate, respectively. The small amount (~3 %) of displaced oligonucleotide observed in the presence of ADP or ATPcS were likely to be the unwound products, since they were absent in the EDTA-treated lane.
As predicted, mutants deficient at binding DNA could not unwind the helicase substrate (Fig. 5c) . Mutation of K272, K289 or K227 to alanine completely abolished RepC helicase activity, while, at a concentration of 128 nM, the K286 and K262 mutants retained~26 % and 37 % of substrate unwinding activity, respectively (Fig. 5c) . At 128 nM concentration, wt RepC could unwind approximately 69 % of helicase substrate. 
RepC mutants are unable to support viral replication in vivo
Since the N-terminal domain of Rep specifically interacts with the ori and is indispensable for replication initiation, infectious tandem repeat constructs of the DNA-A genome, harbouring either wt or mutated full-length Rep (RepF) in combination with the cognate DNA-B component of ToLCGuV, were used for agroinoculation to test their replication potential in a transient leaf disc assay. It is relevant to mention here that ToLCGuV is monopartite in nature and association of DNA-B increases its pathogenicity. A viral genome harbouring D261A, K227A and K289A mutants did not replicate in N. benthamiana leaf discs, while K272A, K286A and D262A mutants replicated at lower levels (~2 %,~10 % and~4 % respectively) as compared to the wt virus (Fig. 6a) . Presence of DNA-B was verified in all combinations of either wt or mutants where replication of DNA-A was not abolished (Fig. 6a , lower panel). In vivo complementation in N. benthamiana leaf discs indicated that all mutants could be rescued by concomitant expression of wt Rep, albeit at a much lower level in comparison to replication of DNA-A (wt Rep) and DNA-B (Fig. 6b ).
Interestingly, in planta infectivity of wt and mutant viruses showed that none of the mutants could induce discernible symptoms ( 
Comparative modelling of the helicase domain of ToLCGuV Rep
A full understanding of critical helicase domain residues, including those mutated in our experiments, would benefit from visualizing their environments in a three-dimensional structure. A crystal structure of ToLCGuV Rep, however, is unavailable. We therefore built a comparative predicted model of RepC using the experimentally determined structure of its close homologue BPV-E1 as a template (Fig. 7) . Although the amino acid sequences of the helicase domains of these two proteins are only~16 % identical, many features of the predicted model of the resulting hexamers justifies our biochemical data and is comparable with other hexameric helicases (Li et al., 2003; Yoon-Robarts et al., 2004; Enemark & Joshua-Tor, 2006) . For example, the model places the Walker A and Walker B motifs at the interface between subunits of the hexamer, suitable for ATP binding. In addition, according to this model, the b hairpin that precedes motif C/sensor 1 (the 'pre-sensor 1 hairpin') points into the central channel (as it does in SF3 helicases). The location of this loop, and the positive charge of two of its residues, K286 and K289, underscores the role of this loop in ssDNA binding in geminivirus Rep helicase. Interestingly, the B9 residue (K272) lies adjacent to the ATP binding pocket at the outer surface of the protein, and thus possibly has no role in direct interactions with DNA. Fig. 7 illustrates the positioning of the conserved residues studied here in the RepC hexamer.
DISCUSSION
Based on the sequence and secondary structure alignments with other helicases, ToLCGuV Rep appears to have a comparatively smaller AAA+ domain, which contains the SF3 signature motifs, and to lack an otherwise conserved arginine residue that forms the arginine finger (Clérot & Bernardi, 2006) (Fig. 1) . Therefore, it is necessary to improve our understanding of the roles of SF3 signature motifs in geminivirus Rep helicases, such as that from ToLCGuV. In this study, we focused on characterizing the precise functions of structural elements present in the helicase domain of Rep in geminivirus replication. These studies included ATP binding, ATP hydrolysis, ssDNA binding, DNA unwinding and in vivo replication mediated by wt and mutant Rep proteins. Our data are summarized in Table 1 . We then developed in silico a three-dimensional model of the helicase domain of Rep based on limited sequence homology with the BPV-E1 protein.
In order to determine the effect of mutations on the structural integrity of the Rep protein, the oligomeric state and the degree of secondary structure of wt and mutant proteins were estimated. In agreement with a previous report, where Mungbean yellow mosaic India virus Rep residues 120-362, as well as full-length Rep, were shown to form oligomers of 24 subunits (Choudhury et al., 2006) , the sedimentation profile of ToLCGuV also indicated that an oligomeric species of RepC consisting of~24 subunits was present (Fig. 2c, d) . A broad distribution of protein in glycerol gradients indicates the possibility that multiple oligomeric species of the RepC protein may exist in solution. Populations of oligomers of various sizes, ranging from hexamers up to dodecamers or even higher order oligomers have been observed in the Rep122-359 protein of Tomato yellow leaf curl Sardinia virus (Clérot & Bernardi, 2006) . In SF3 members, oligomerization is shown to be favoured in the presence of either ATP (San Martín et al., 1997) or DNA (Fouts et al., 1999; Maggin et al., 2012; Zarate-Perez et al., 2012) . In AAV2 Rep, a short 23 amino acid residue linker is involved in DNA-dependent oligomerization and formation of higher order assemblies of the protein (Zarate-Perez et al., 2012). However, monomeric or dimeric species of ToLCGuV RepC were never observed in our study nor in previous studies on oligomerization of other begomovirus Rep proteins ( 
Role of B9 & b-hairpin loop in geminivirus replication
Clérot & Bernardi, 2006). The oligomerization profile of ToLCGuV RepC was stable even at high salt or low protein concentrations, and only higher order oligomers of RepC were found even in the absence of nucleotide or ssDNA, indicating that the intrinsic structure of RepC allowed it to form stable higher order oligomers (Fig. 2c, d ). In our studies of ToLCGuV, sedimentation profiles of all RepC mutants were shown to be similar to that of wt protein, indicating that these mutations do not affect the oligomerization state and hence the overall structure of RepC. This latter point is further supported by our observation that the wt protein and mutants also share nearly identical far-UV CD signatures.
We further studied the effects of mutations on various activities required for DNA unwinding. The K227A mutant of geminivirus Rep was previously shown to be ATPase deficient (Desbiez et al., 1995; Choudhury et al., 2006) . Our results indicate that the defect in ATP hydrolysis caused by K227A is due to its inability to bind ATP rather than its hydrolysis. Note that all other mutants retain ATPase activity comparable to that of wt levels (Table 1 ). In addition to the importance of this positively charged residue, two negatively charged residues are found in the Walker B motif of most geminiviruses. D261 in geminivirus Rep is shown to be essential for ATP hydrolysis (Choudhury et al., 2006) . However, no role has been identified for the adjacent residue D262 in ATP hydrolysis despite it being conserved. Mutants D261A and D262A in ToLCGuV Rep were therefore studied here to explain these features. DNA replication studies in leaf discs indicate that D261 is indispensable for Rep function, but that D262A did not affect ATPase activity, which is consistent with its ability to allow replication of the viral genome. Our results and the previous report on a geminivirus Walker B residue mutant (D261K) (Choudhury et al., 2006) indicate that at this position a single conserved aspartic acid residue is sufficient for ATP hydrolysis by Rep. Considerable variability in this motif among SF3 helicase members also supports this observation (Koonin, 1993) (Fig. S3 ). Additionally, it should be noted that we were unable to test ATP hydrolysis of D261A owing to lack of expression in a prokaryotic system.
In addition to being unable to bind ATP, the K227A mutant also lost the ability to bind ssDNA (Fig. 4) , indicating that nucleotide binding is indispensable for formation of a geminivirus Rep-ssDNA complex. In addition, formation of an efficient RepC-ssDNA complex in the presence of ATPcS suggests that nucleotide binding rather than hydrolysis induces conformational changes in Rep, which, in turn, facilitate DNA binding. DNA binding and unwinding activities of K272A and K289A were completely abolished, whereas mutants with ssDNA binding ability retained the unwinding property. Our in silico RepC model suggests that K272A resides at the subunit interface near the ATP binding pocket. However, the K272A mutation does not alter its ATP binding. Hence, the defect in ssDNA binding and unwinding activity of this mutant is likely to be due to a lack of suitable conformation that mediates the interaction of the b-hairpin residue (K289) with the phosphate backbone of DNA. Note that K289 lies at the tip of the b-hairpin structure located in the central channel of the oligomeric protein, and may thus directly interact with ssDNA during geminivirus Rep-mediated unwinding. ssDNA binding by similar positively charged residues located in the b-hairpin loop has been demonstrated in AAV2 Rep, SV40 T antigen and BPV E1 (Yoon-Robarts et al., 2004; Shen et al., 2005; Castella et al., 2006) . Besides the charged lysines, the hydrophobic residue Y287, which is equivalent in position to H513 of SV40 T antigen (Shen et al., 2005) , is also conserved in the predicted b-hairpin loop of gemini-and nanovirus Rep proteins. As suggested by Shen et al. (2005) , it may be involved in hydrophobic stacking with the bases of DNA.
To further examine whether the hydrolysis energy of different nucleotides could be used for DNA unwinding, a helicase assay was performed in the presence of various nucleotides. Interestingly, RepC efficiently uses ATP and GTP as cofactors for DNA unwinding. Since Rep is indispensable for replication of geminiviruses in plants, we have analysed the effect of all mutants in vivo. The inability of all mutants to produce symptoms of infection in plants may be attributed to a sub-threshold level of viral genome replication at inoculation sites. To test the ability of viral mutants to replicate at the site of inoculation, leaf disc assays were performed. The results indicate that both K286A and D262A could replicate in N. benthamiana, albeit at a reduced extent in comparison to wt. Low levels of viral replication for these two mutants suggest additional roles for these residues, such as interactions with host proteins. Complete loss of replication in K227A, D261A and K289A mutants was observed (Fig. 6a) . Consistent with the results of the biochemical analysis of these mutants, the above studies highlight the critical role of these residues for proper Rep function.
Aided by sequence alignment, biochemical experiments and a homology-based model, a possible role of nucleotide binding for geminivirus Rep function is proposed. Based on the position of positively charged residues located on predicted b-hairpin loops located in the central pore of the RepC model, their critical role in ssDNA binding, and the function of equivalent residues in other hexameric NTPases, it seems that K289 of Rep might play a role in the ability of ToLCGuV Rep protein to interact with ssDNA. In E. coli RecA, the binding of DNA to similar lysinecontaining loops induces conformational changes in the catalytic residues located in the Walker B motif and motif C (Story et al., 1992) . In geminivirus Rep and other SF3 helicases, motif B9 is located similarly between Walker B and motif C (highlighted in Fig. S3 ).
It has been suggested that the B9 motif plays multiple roles during the helicase reaction (Yoon-Robarts et al., 2004) . Some residues are directly involved in DNA binding (YoonRobarts et al., 2004; Shen et al., 2005; Castella et al., 2006) , while others are involved in the interaction with ATP (Story et al., 1992) . Another set of residues within this motif then couples DNA binding to ATP catalysis (Singleton et al., 2000) . ATP binding and hydrolysis occurring at the interface of neighbouring subunits drive conformational changes that promote remodelling of the target substrates (Erzberger & Berger, 2006) . Similarly, some residues located in the B9 motif have been postulated to move in response to ATP binding and its hydrolysis, and might be involved in positioning DNA binding b-hairpin residues as proposed for SV40 large T antigen (Gai et al., 2004) . Based on the results of our experiments with the ToLCGuV RepC K272 mutant, we hypothesize that this residue is possibly involved in mediating ATP-induced allosteric changes in such a way as to allow DNA binding by amino acids exposed in the hairpin loops positioned in the central pore of the protein oligomers.
To the best of our knowledge, the present study provides information on the role of the geminivirus Rep B9 motif and b-hairpin loop for helicase function, similar to other SF3 helicases.
METHODS
Cloning, expression and purification of proteins. The full-length Rep (RepF) ORF from Tomato leaf curl Gujarat virus (ToLCGuV, GenBank accession no. AY190290) was cloned in the pET-28a (+) vector. The same clone was used as a template for site-directed mutagenesis to generate K227A, D261A, D262A, K272A, K286A and K289A mutants. A 723 bp C-terminal fragment (RepC) corresponding to amino acids 122 to 361 of Rep amplified from wt or mutant pET-RepF clones was ligated into pMAL-c2X vector at BamHI and HindIII sites. All mutants were expressed and purified from Escherichia coli BL21 (DE3) at similar conditions as followed for wt RepC. Cells were grown at 37 uC to an OD 600 of 0.6. Isopropyl b-D-thiogalactopyranoside (0.2 mM) was added, and incubated with shaking for a further 16 h at 18 uC. Pellets were resuspended in buffer A, containing 50 mM Tris/HCl (pH 8.0), 100 mM NaCl, 2 mM bmercaptoethanol, 1 mM PMSF, 5 mM MgCl 2 and 10 % glycerol. MBP-tagged protein was purified on amylose resin (Qiagen) and was cleaved using Factor Xa (NEB) in buffer A supplemented with 2 mM CaCl 2 . Protein was further purified by diethylaminoethanol (DEAE) chromatography (Sigma) and finally dialysed against 50 mM Tris/ HCl (pH 8.0), 100 mM NaCl and 2 mM b-mercaptoethanol. All proteins were quantified by the Bradford method and Coomassie blue R-250 staining on SDS-PAGE. A list of primers and oligonucleotides used is provided in Table S1 .
Construction of tandem repeat infectious clones. Specific point mutations in the C terminus of Rep were introduced by site-directed mutagenesis of the viral genome using a ToLCGuV DNA-A monomer cloned into pUC18 as template. All the clones were sequenced to ascertain that no mutation was introduced except the desired one. The tandem infectious clones of mutant ToLCGuV DNA-A were constructed as described for wt ToLCGuV DNA-A and DNA-B (Chakraborty et al., 2003) . Clones were confirmed by restriction digestion and by sequencing.
Secondary structure determination and glycerol gradient centrifugation. Circular dichroism (CD) spectra of RepC and all mutant proteins were obtained at 25 uC in a quartz cell with 1 mm light path using a Chirascan model of an Applied Photosystem CD spectrophotometer (Greenfield, 2006) . A mean of 10 scans was taken and corrected for buffer contributions. The secondary structure composition was predicted using K2D software. ATPase and helicase assay. ATPase assays were performed as described previously (Choudhury et al., 2006 ) and indicated amounts of wt and mutant RepC were used. For helicase assays, the dsDNA substrate was obtained by annealing a 32 P-labelled 23 base-long oligonucleotide to circular M13mp18 ssDNA. Seventeen nucleotides of this oligonucleotide annealed to the M13 ssDNA, leaving a 6 nt 39 overhang.
Helicase assays were performed at 37 uC in buffer containing 50 mM Tris/HCl (pH 8.0), 10 mM MgCl 2 , 2.5 mM DTT, 0.1 mg ml 21 BSA, 5 % glycerol, 2 mM ATP or indicated nucleotide and 10 nM of substrates with indicated amount of proteins, in a volume of 10 ml. After 30 min of incubation, the reaction was stopped by addition of (final concentrations) 8 % glycerol, 0.48 % SDS, 20 mM EDTA and 0.02 % bromophenol blue, and was subsequently analysed on native polyacrylamide gels. The gels were scanned and quantified using ImageQuant (Molecular Dynamics).
DNA binding assay. The single-stranded oligonucleotide substrate, M1317FW (Table S1 ) was labelled with [c-32 P] ATP using T4 polynucleotide kinase. Electrophoretic mobility shift assay (EMSA) was performed at 4 uC as follows. In a total reaction volume of 12 ml, 0.26, 0.39, 0.52 and 0.75 mM of either wt or mutant protein was incubated with 10 nM radiolabelled DNA in a buffer consisting of 20 mM Tris/HCl pH 8.0, 2 mM DTT, 5 mM MgCl 2 , 12 % glycerol, 25 mM KCl and 1 mM ATPcS. Reactions were incubated for 30 min at room temperature and loaded onto 3.4 % native polyacrylamide gels for analysis.
Fluorescence-based nucleotide and DNA binding. Fluorescence measurements were carried out at 25 uC using a Cary-Varian spectrofluorometer with a spectral bandpass of 5 nm and 10 nm for excitation and emission, respectively. Binding of the ATPcS with RepC or the DNA (5-186 nM) with ATPcS (2 mM) saturated RepC was measured by monitoring the intrinsic tryptophan fluorescence of either wt RepC or the mutants (1.75-1.85 mM) at 350 nm upon excitation at 295 nm. Measured fluorescence spectra were corrected for dilution and buffer background. All the binding data were analysed using a one-site saturation model (Nongkhlaw et al., 2009 ).
Viral replication and complementation assay. Infectivity of the wt and mutant viral DNA was studied in three-week-old seedlings of Nicotiana benthamiana and tomato (Solanum lycopersicum cv. Punjab Chuhara) using standard agroinoculation methods . Infectious clones of wt DNA-A or mutants were coinoculated with DNA-B to study replication in planta and in transient leaf disk assays (LDA). To study in planta viral replication, DNA from systemic leaves of N. benthamiana were isolated at 7, 14 and 28 days post-infection (p.i.) and hybridized with Rep probe (nt 1529-2614). For DNA-B detection, blots were stripped and reprobed with a 32 P-labelled ToLCGuV BV1 (nt 405-1208). PCR-based detection using ToLCGuV Rep and BV1 ORF specific primers was performed with annealing at 60 uC for 30 cycles. Southern blotting and LDA were performed as described previously (Kumari et al., 2011) . Infectious clones of wt DNA-A or its mutants with DNA-B in equal proportions were complemented with the wt Rep construct to study mutant complementation by the wt Rep gene in LDA.
Multiple sequence alignment and homology modelling.
An NCBI BLAST search of the Protein Data Bank had shown little sequence similarity between ToLCGuV RepC and known structures. Therefore, conserved motifs were searched against the PROSITE (Sigrist et al., 2002) and PRINTS (Attwood et al., 2012) databases.
These results, combined with results from further analysis obtained from the PHYRE server (Kelley & Sternberg, 2009 ) predicted that the structure of ToLCGuV RepC was most similar to that of bovine papillomavirus E1 (BPV E1; 2GXA). Sequence alignments were generated using the CLUSTAL W package (Larkin et al., 2007) and were subsequently improved based on structural alignment and motif conservation. Three-dimensional models were generated using the MODELLER package (Eswar et al., 2006) , using an alignment of residues 304-577 from the crystal structure of BPV E1 and residues 104-361 of ToLCGuV Rep. The best model was selected on the basis of it having the lowest DOPE score and highest GA341 assessment score, and was further validated by PROCHECK (Laskowski et al., 1993) . Furthermore, to obtain a hexameric state, the modelled structure was superimposed on the crystal structure of BPV E1 (2GXA). The ADP molecules were added at the active site of the ToLCGuV Rep model using the hexameric ADP bound crystal structure of the BPV E1 template. The structure was further relaxed to eliminate bad atomic contacts. The molecular minimization simulations were performed with the AMBER molecular dynamics package (Case et al., 2006) using AMBER99SB force field and steepest descent algorithm to remove close van der Waals contacts, followed by conjugate gradient minimization until the energy was stable in sequential repetitions.
